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Abstract The strikes of rifts in western Tibet show NNW-SSE trending, whereas the rifts in eastern Tibet
strike in the NNE-SSW direction. The difference in the rift strike orientation suggests that the formation
mechanisms of these rifts are different in southern Tibet, which can be most reliably inferred from seismic
structure beneath these rifts. In this work we study 3-D P wave velocity structure and radial anisotropy
using a large number of travel time data recorded by the ANTILOPE and Hi-CLIMB portable seismic arrays
deployed in central Tibet. Our results show that to the west of the Pumuqu Xianza rift, a low-velocity zone
with a positive radial anisotropy exists beneath the Lopu Kangri rift (~85°E), which may reflect melt-filled
cracks. A high-velocity zone with a negative radial anisotropy is revealed beneath the Pumuqu Xianza rift
(~88°E), which reflects lithospheric downwelling. The different upper mantle structures may result in the
patterns of rift strike orientation in central Tibet.
1. Introduction
One of the keys to understanding the formation of the Tibetan Plateau is to clarify the deformation process in
the crust and lithospheric mantle during the convergence between the Indian and Eurasian plates. The
strong deformation in southern Tibet is characterized by north-south trending rifts, which are considered
as the result of east-west extension (Armijo et al., 1986). However, the detailed formation mechanism of
the rifts is still a hotly debated issue. Several competing hypotheses have been proposed to explain such fea-
tures. Molnar and Tapponnier (1978) suggested that weak materials exist in the lower crust and upper man-
tle, which have a small east-west strain (or flow) causing the stretch of the more brittle layer in the upper
crust. Another model suggests that the E-W extension of rifts results from oblique collision beneath the
Himalaya (McCaffrey & Nabelek, 1998), implying that the faulting is restricted in the upper crust. In contrast,
Yin (2000) emphasized the effect of the mantle lithosphere, and recent seismic studies pointed out that the
asthenospheric upwelling plays an important role in the pattern of extension beneath the Yadong Gulu rift in
eastern Tibet (Liang et al., 2016). Geochronologic dating suggested that younger rocks in the rift region of
eastern Tibet are possibly produced by the decompression melting of a metasomatically depleted mantle
(Wang et al., 2001). Seismic tomography detected a tilted low-velocity (low-V) zone extending to ~300-km
depth beneath the Cona rift to the east of the Pumuqu Xianza rift (PXR), which was interpreted as mantle
upwelling due to continental delamination (Ren & Shen, 2008; Zhang et al., 2011). Williams et al. (2004) sug-
gested that the temporal association of crustal extension and magmatism was related to lithospheric erosion
associated with slab break-off and/or convective removal in southern Tibet. These results suggest a close con-
nection between the rifts and the upper mantle structure, but they are not sufficient because the proposed
models do not explain the different strike orientations.
To better understand the mechanisms of the Tibetan extension, we should investigate in detail the strike
orientations of rifts in the Tibetan Plateau, because they are the direct evidence for lithospheric deformation.
The pattern of rift strike orientation in Tibet, from NNW-SSE to NNE-SSW (Figure 1), was attributed to the
injection of the underthrusting Indian crust from western to eastern Tibet, but the effect of the upper mantle
was not investigated (Kapp & Guynn, 2004). Recent geophysical results show that the geometry and north-
ward extent of the subducting Indian crust are quite different between western and eastern Tibet (Razi
et al., 2016; Shi et al., 2015; Q. Xu et al., 2017), indicating that the subducting Indian crust is not the only cause.
An updatedmodel attributes the strike orientations and formation of rifts to general shear deformation in the
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upper crust of central Tibet, created by eastward flow of asthenosphere and Tibetan lithosphere (Yin & Taylor,
2011), and it would predict similar strike orientations of rifts in central Tibet, in contrast to what is observed
(Figure 1). To understand the rift zones in central-southern Tibet, we need a new geodynamic model capable
of explaining the rift zone orientations.
One way to bringing this debate forward is an accurate assessment of seismic anisotropy. Magnitude and
direction of anisotropy can provide constraints on constructing geodynamical models because deformation
likely causes seismic anisotropy in rocks. Based on the shear-wave anisotropy and GPS data, Flesch et al.
(2005) proposed a vertically coherent deformation model for central Tibet. The absence of significant
E-W directed crustal anisotropy is consistent with the lack of N-S or NE-SW trending rifts in northern
Tibet (Sherrington et al., 2004). The splitting parameters and travel time residuals show a good correlation
with the rifts in central Tibet (Chen et al., 2015). In addition to the Tibetan Plateau, seismic anisotropy has
also been adopted to explain the formation mechanism of rifts in other regions, such as the Godavari rift
in the south Indian shield (Kumar et al., 2010) and the Northern Ethiopian Rift (Kendall et al., 2005). In this
study we present 3-D models of P wave velocity tomography and radial anisotropy beneath central Tibet.
Our present results show that deformation patterns of the lithosphere may explain variations in the strike
of rifts in central Tibet.
2. Data and Method
2.1. Data
Pwave arrival-time data of teleseismic events are collected from seismic records obtained by the ANTILOPE-II
and Hi-CLIMB projects (Figure 1). To date, many important results have been obtained using the seismic data
acquired by the Hi-CLIMB project (e.g., Chen et al., 2010; Nabelek et al., 2009). However, fewer results are
obtained using the data from the ANTILOPE-II project (e.g., Zhao et al., 2010). The ANTILOPE project was car-
ried out for investigating the seismic structure of the Tibetan Plateau by the Institute of Tibetan
Plateau Research, Chinese Academy of Sciences. Our data were recorded at 231 portable seismic stations:
Figure 1. (a) Topographic map of Tibet and the seismic stations used in this study. The yellow and red triangles denote the
Hi-CLIMB and ANTILOPE-2 portable seismic arrays, respectively. The black lines denote the tectonic block boundaries and
the north-south trending rifts in southern Tibet. The two green lines represent locations of two vertical cross sections in
Figure 2. The orientation and length of the blue bars indicate the fast polarization direction and splitting delay time,
respectively (Chen et al., 2010; Zhao et al., 2014). The black dashed box indicates our study region. The blue arrow shows
the convergence direction between the Indian and Eurasian plates (Wang et al., 2001). HB, the Himalayan block; LB, the
Lhasa clock; QB, the Qiangtang block; MBT, the Main boundary thrust; ITS, the Indus-Tsangpo suture; BNS, the
Bangong–Nujiang suture; JRS, the Jinsha River suture; NLR, the northern Lunggar rift; LKR, the Lopu Kangri rift; TYR, the
Tangra yum co rift; PXR, the Pumuqu Xianza rift; YGR, the Yadong Gulu rift; CR, the Cona rift; ATF, the Altyn-Tagh fault;
KF, the Karakorum fault. (b) Distribution of the teleseismic events with epicentral distances of 25°–90° which were recorded
by the ANTILOPE-2 and the hi-CLIMB arrays.
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62 from the ANTILOPE-II array and 169 from the Hi-CLIMB array (Figure 1). The ANTILOPE-II and Hi-CLIMB
arrays had been operated during 2005–2006 and 2002–2005, respectively. Hypocentral parameters of the tel-
eseismic events were determined by the United States Geological Survey. The teleseismic events (Mb > 5.0)
with epicentral distances of 25° to 90° are used in this study. Each selected event has more than 12 P wave
arrivals that are picked using the technique of Yu et al. (2017). As a result, our data set contains 40,355 first
P wave arrivals from 1,460 teleseismic events (Figure 1b).
2.2. P Wave Tomography for Radial Anisotropy
In this work we apply the anisotropic tomography method of Wang and Zhao (2013), which was modified
from the inversion method of Zhao et al. (1992, 1994). Under the assumption of weak anisotropy with a ver-
tical hexagonal symmetry axis, Pwave slowness can be approximately expressed as follows (Ishise et al., 2012;
Wang & Zhao, 2013; Zhao, 2015):
S ¼ S0 1þM1 cos 2θð Þ½ ; (1)
where S is the total slowness, S0 is the isotropic slowness,M1 is a parameter for radial anisotropy, and θ is the
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where Vph and Vpv are the Pwave velocities (Vp) in the horizontal and vertical directions, respectively, and V0 is
the isotropic Vp. Hence, β < 0 means a higher Vp in the vertical direction, that is, Vph/Vpv < 1.
Using equation (1), partial derivatives of travel time with respect to the isotropic Vp and the radial anisotropic












where Vk is the isotropic velocity at the middle point of the kth ray segment with length d.
The parameters Vk and M1k are linear interpolation functions of the coordinates (φ, ω, h)


















where φi, ωj, hk represent the coordinates of the eight grid nodes surrounding the point (φ, ω,h).
Two 3-D grids are arranged in the modeling space. A fine grid is used to represent the isotropic 3-D Vp struc-
ture, whereas a coarse grid is adopted to express the 3-D radial anisotropy. For the teleseismic events, the
relative travel time residual from the mth event to the nth station can be expressed as






þ ∑q ∂T∂Mq ΔMq
 
þ Emn; (5)
where Δ denotes the perturbation of a parameter, Vp is the isotropic P wave velocity at the pth node of the
fine grid, Mq is the radial anisotropic parameter at the qth node of the coarse grid, and Emn represents the
higher-order terms of perturbations and errors in the arrival-time data (i.e., the picking errors).
Then, the iterative conjugate-gradient algorithm LSQR with norm damping λ (Paige & Saunders, 1982; Zhao
et al., 1992, 2016) is used to solve equation (5):
G·m dk k2 þ λ2 mk k2 (6)
where the model vectorm represents the perturbations to the isotropic Vp and radial anisotropic parameters,
the data vector d represents the relative travel time residuals of teleseismic events, and G is the partial deri-
vative matrix representing the sampling by the raypaths. The trade-off curve between the root-mean-square
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travel time residual and the solution norm is constructed to determine the optimal value of damping para-
meter among its values from 1.0 to 99.0. Our final results are obtained with the optimal value of λ = 30.0,
and 180 iterations with the LSQR algorithm are carried out in this study (Figure S1a). The root-mean-square
travel time residual is 0.378 s after the isotropic tomographic inversion, whereas the root-mean-square resi-
dual is reduced to 0.296 s after the radial anisotropic parameters are included (Figure S1a). The variance of all
the travel time residuals is 0.6658 s2 before the inversion, and it is reduced to ~0.1153 s2 after the isotropic
inversion and to ~0.0784 s2 after the anisotropic inversion.
2.3. Initial Velocity Model and 3-D Grid Setup
The geometry of the Moho discontinuity is very important for teleseismic tomography, because the incident
angles of teleseismic rays are in the range of 15°–30° for events at epicentral distances of 25°–90°. In this study
the Moho geometries beneath the Hi-CLIMB and ANTILOPE-II profiles are derived from the receiver-function
results by Nabelek et al. (2009) and Zhao et al. (2010), whereas the Moho geometry in the nearby regions is
estimated from the other previous results (e.g., Schulte-Pelkum et al., 2005). The 3-D grid nodes above the
Moho discontinuity have crustal velocities, whereas the upper mantle velocities are assigned to the grid
nodes under the Moho discontinuity. Thus, in the initial model seismic velocities are different even at the
same depth, depending on the Moho geometry.
Different initial crustal models have been tested, including the SEAPS (Sun et al., 2008), the CRUST2.0 (Bassin
et al., 2000), the CRUST1.0 model (Laske et al., 2013), and the iasp91 and ak135 models with a doubled crustal
thickness. The final model adopted is CRUST1.0 for the crust (but the Moho depth is based on the receiver-
function results) and the iasp91 model for the mantle (Figure S1b). Comparing our final results with those
derived from other crustal models, we find that main features of the tomographic images are quite similar.
From model to model, the difference of Vp anomaly changes from 0.12% to +0.44%, and the difference
of radial anisotropy varies from 0.38% to +0.52%.
Thefine3-Dgrid for the isotropic Vp structure has an interval of 0.5° in the latitude and longitudedirections (but
1° at the model margins), and the grid meshes are set at depths of 40, 60, 100, 150, 200, 250, and 300 km.
Considering that resolving the radial anisotropy needs better ray coverage than that for the isotropic velocity
and the results of checkerboard resolution tests as shown in the following section, we adopt a coarse 3-D grid
for the radial anisotropywitha lateral grid interval of 1.0° (Figure S2). To investigate theeffect of shifting thegrid
on the tomographic image, we conducted an inversion by moving the grid nodes 0.25° toward the east and
south, respectively. The results show that main features of the tomographic image are almost the same
(Figures 2 and S3).
3. Results and Resolution Analysis
3.1. The 3-D Vp Model
Figure 2 shows distribution of Vp and radial anisotropy (RAN) anomalies in the upper mantle under central
Tibet. At depths <150 km, obvious E-W variations of RAN are visible. A prominent positive RAN anomaly
appears in the western part of the Himalayan block (HB) and the Lhasa block (LB), whereas a negative RAN
anomaly exists in the eastern part (Figures 2e and 2f). At greater depths, a positive RAN anomaly exists in
the HB, whereas a negative RAN anomaly appears in the Lhasa and Qiangtang blocks. Another distinct fea-
ture is that both Vp and RAN show a two-layer structure to the west of 87°E and a one-layer structure in
the eastern part (LV1, HV1, PR1, NR1, HV2, and NR2 in Figures 2i and 2j). A low-V zone with a layered RAN
exists beneath the Qiangtang block (LV4, PR4, and NR4 in Figures 2k and 2l), which is similar to a previous
result (Zhang et al., 2016). Moreover, the features along the Hi-CLIMB profile are almost the same as those
of the previous result (Zhang et al., 2016). Therefore, in the following we focus on the results along the
ANTILOPE-II profile.
3.2. Checkerboard Resolution Tests
Checkerboard resolution tests (Zhao et al., 1992, 1994) are conducted to evaluate the resolution scale of
our tomographic model. Positive and negative Vp variations and anisotropic amplitudes of ±5% are
assigned to the neighboring grid nodes in the input model. Synthetic travel times are calculated for
the input checkerboard model, and random noise (±0.1 s) is added to the synthetic data to simulate
the picking errors of the observed data. Then we inverted the synthetic data following the same
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procedure as for the real data. The results are considered to be reliable in the areas where the input Vp
and RAN anomalies are well recovered after inversion. The test results show that the isotropic Vp structure
with a lateral resolution of ~0.5°–1° could be resolved. The anisotropic model has a lateral resolution of
~1°, because the test result with a grid interval of 1.0° shows a good resolution in most parts of the
study region (Figures 3 and 4).
3.3. Synthetic and Trade-Off Analyses
Smearing is an inevitable problem in seismic tomography even if the results of checkerboard tests exhibit
a good resolution and the raypaths show good coverage (Figures 5 and S4). Hence, synthetic tests are
Figure 2. (a–d) Map views of P wave isotropic tomography. The red and blue colors denote the low and high Vp perturba-
tions, respectively. The black lines in Figure 2b show the locations of two vertical slices. (e–h) Map views of P wave radial
anisotropy. The green colors denote negative radial anisotropy (i.e., vertical Vp > horizontal Vp), whereas the brown colors
denote positive radial anisotropy (i.e., vertical Vp < horizontal Vp). The layer depth is shown above each map. Vertical
cross sections of (i and k) isotropic Vp and (j and l) radial anisotropy along the profiles shown in Figure 1. HV, high-velocity
zone; LV, low-velocity zone; PR, positive radial anisotropy; NR, negative radial anisotropy. The numbers denote the different
zones with the same feature (e.g., the same HV zones). The black dashed lines mark the areas with a lower resolution
because of vertical smearing. The scales of isotropic Vp perturbation and radial anisotropy are shown at the bottom.
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also conducted to estimate the location and resolution scale of reliable features. We conducted two
synthetic tests to illustrate the weak smearing in velocity structures. The first test shows that the high-
V zone at 200-km depth does not affect the low-V zone at 150-km depth (Figure 6). In the second test,
we assume that a narrow low-V belt is sandwiched by strong high-V anomalies. The test results show
that there is no obvious smearing at 100- and 150-km depths, but weak lateral smearing appears at
200-km depth (Figure 6).
Our previous study showed vertical smearing of RAN in a sub-Moho layer (Zhang et al., 2016). In this study we
conducted two synthetic tests to show the improvement of resolution in the uppermost mantle. In the first
test, we assigned a strong positive RAN anomaly to 60- and 150-km depths and assigned a weak negative
RAN anomaly at 100-km depth (Figures 7a–7c). The test result shows that the negative RAN anomaly at
100-km depth can be identified. In the second test, a strong positive RAN anomaly is only assigned to 60-
km depth, and the test result shows weak vertical smearing in the deeper layer (Figures 7d–7f). Both tests
indicate weak vertical smearing in the study region.
To confirm the reliability of the E-W RAN variations at 100- and 150-km depths, we conducted the third syn-
thetic test (Figure 8). A strong negative RAN anomaly is assigned to 200-km depth while a weak positive RAN
anomaly is assigned to 100- and 150-km depths. The negative RAN anomaly with a small magnitude
(<0.88%) only appears near the BNS at 150-km depth, implying that the strong negative RAN anomaly in
the eastern part of our study area is not caused by smearing. Two additional tests show that an artifact occurs
near the ITS at 200-km depth, which is marked by black dashed lines (Figure 9). Such a feature could be
caused by either lateral or vertical smearing, and so we will not discuss it.
In Figure 2, most of the low-V zones exhibit a positive RAN at the shallower depth, while the high-V zones
exhibit a negative RAN. A trade-off between the isotropic heterogeneity and radial anisotropy may occur
Figure 3. Map views showing the isotropic Vp results of checkerboard resolution tests with a lateral grid interval of (a–d)
0.5° and (e–h) 1°. The layer depth is shown above each map. The scale for the isotropic Vp perturbations (in %) is shown
at the bottom.
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in any tomographic model (Fichtner et al., 2013; Zhao et al., 2016). Two synthetic tests are conducted to
investigate whether the heterogeneous isotropic structure could be mapped to radial anisotropy
(Figures 10a–10d) and vice versa (Figures 10e–10h). The results of our extensive tests show that there are
some trade-offs in our results, and there is no obvious correlation between the isotropic velocity and radial
anisotropy. Because only teleseismic data are used in this study, strong positive RAN anomalies are
mapped to strong low-Vp anomalies at the shallower depths (Figures 10e–10h). Even in the upper mantle,
some trade-offs are also visible (~1%; marked by dashed rectangles in Figure 10). We conducted seven
synthetic tests to show that a RAN anomaly of 1% in the upper mantle is below the level of confidence of
our results. Results of the first two tests show that a trade-off appears at ~100-km depth beneath the BNS
when the magnitude of the RAN anomaly is less than 0.5% in the input model (Figure S5). In the third and
fourth tests, the weak low-V anomaly at depths of 100–200 km beneath the ITS is not affected by the
strong RAN anomaly (Figure S6). The fifth and sixth tests show that the positive RAN anomaly beneath the
Lopu-Kangri rift (LKR) is not totally caused by the trade-off. When the magnitude of the negative RAN
anomaly is less than 0.5% in the input model, a trade-off occurs above 100-km depth (Figures S7a–S7d). In
the last test, the input model contains a weak high-V zone with a strong positive RAN anomaly and a low-
V zone with a strong negative RAN anomaly; that is, the Vp and RAN anomalies are opposite to those in
our results. The test results show that the input anomalies are recovered well in the upper mantle (Figures
S7e and S7f). In summary, these test results suggest that the velocity and RAN anomalies with magnitudes
greater than 1% in our results are not artificial features caused by trade-offs.
3.4. Effect of Different Data Sets
If a common reference system is not used (e.g., using nearby permanent stations to measure the relative tra-
vel times) and if there is no overlapping station between two separate arrays, simply inverting two data sets
Figure 4. Map views showing the radial anisotropy results of checkerboard resolution tests with a lateral grid interval
of (a–d) 0.5° and (e–h) 1°. The layer depth is shown above each map. The scale for the radial anisotropy perturbations (in %)
is shown at the bottom.
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together may cause bias, especially in the anisotropy. Similarly, for each array, most of the events are
distributed in the east and west, whereas the array is trending in the NS direction (Figure 1). Thus, velocity
anomalies in the west and east of the array cannot be compared directly. Therefore, three independent
inversions are conducted for each of the arrays and also for the events in the west and east. The results
obtained with different data sets show similar features except for the lower boundary of the positive RAN
anomaly beneath the LKR (Figure S8).
4. Discussion
A model of large-scale Lhasa lithospheric removal, from the late Oligocene to mid-Miocene, is usually
adopted to explain the origins of extension and rifts in central Tibet (Chung et al., 2005; Ding et al., 2003).
There is no obvious evidence for that the remnant of the Eurasian lithosphere (REL; the upper layer of the ori-
ginal Eurasian lithosphere that was not detached from the Lhasa block) still exists beneath the western and
eastern LB. Nonetheless, the REL has been detected along the Hi-CLIMB and ANTILOPE profiles (Chen et al.,
2010; Zhao et al., 2010). InSAR results revealed significantly slower slip rates on the conjugate strike-slip faults
Figure 5. (a–d) Map views showing the ray distribution. The red triangles show the locations of seismometers. The layer
depth is shown above each map.
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Figure 6. (top row) Input models and (bottom row) inversion results of two synthetic tests (see text for details). The layer depth is shown above each of the top
panels. The red and blue colors denote low and high Vp perturbations, respectively, whose scale is shown at the bottom. (a–c) The first synthetic test. (d–f) The
second synthetic test.
Figure 7. The same as in Figure 6 but for two other synthetic tests of radial anisotropy. The green and brown colors denote negative and positive perturbations of
radial anisotropy, respectively, whose scale (in %) is shown at the bottom.
10.1029/2018JB015801Journal of Geophysical Research: Solid Earth
ZHANG ET AL. 8835
in central Tibet than those near the periphery of the Tibetan Plateau (Taylor & Peltzer, 2006). In addition, GPS
measurements showed that the slip rate of India is much slower beneath central Tibet than that beneath wes-
tern and eastern Tibet (Chen et al., 2004). A recent thermal-chronological study illustrated that the acceler-
ated extension can be attributed to the underthrusting of India (Styron et al., 2015). Hence, a plausible
scenario for these features is that the REL beneath central Tibet slows down the Indian lithosphere from
moving northward.
Anisotropy in the upper mantle is generally attributed to a consequence of LPO in mantle materials, and a
positive (negative) RAN anomaly can be induced from horizontal (vertical) deformation (Savage, 1999;
Zhang & Karato, 1995). The strong lateral variations of Vp and RAN revealed by this study do not support a
homogeneous convergence model that would predict similar anomalies and strike orientations of rifts from
the west to the east. In addition, a significant ~N-S to NNW-SSE trending azimuthal anisotropy is revealed to
the west of PXR above 200-km depth, whereas a much weaker azimuthal anisotropy exists beneath the
southeastern part of the Tibetan Plateau (Wei et al., 2016), further indicating different deformation patterns
in the western and eastern parts of our study region. Considering the E-W oriented Vp and RAN anomalies, we
first discuss the features to the west of ~87°E.
Following our previous results and interpretation (Zhang et al., 2015, 2017), the low-V zones with a positive
RAN anomaly beneath the Lopu-Kangri rift may reflect partially melted lithospheric mantle (LV1, LV2, LV3,
PR1, PR2, and PR3 in Figure 2) as well as cracks in the ILM. Such a local weaker zone has been also detected
Figure 8. The same as in Figure 7 but for another synthetic test of radial anisotropy.
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by a recent adjoint tomography, suggesting that melt or asthenospheric injection within the ILM has to
accommodate the velocity difference (Chen et al., 2017). Several lines of evidence suggest that the
lithosphere beneath the southern part of our study region is relatively complete and strong (e.g., Chen
et al., 2004; Nowack et al., 2010). A disrupted Moho interface has been detected near the BNS, but such a
feature is not observed beneath the ITS, implying a relatively complete lithosphere beneath southern Tibet
(Nowack et al., 2010; Zhao et al., 2010). The occurrence of intermediate-depth earthquakes (70–90-km
depths) in southern Tibet favors a relatively strong lithospheric mantle (Chen & Yang, 2004), which is
consistent with an independent piece of evidence for a low Moho temperature (Jimenez-Munt et al., 2008).
Integrating higher S wave velocity with data from ultrapotassic rocks and their entrained xenoliths, B. Xu
et al. (2017) suggested that the western LB (79°E–89°E) is underlain by a thick lithospheric mantle. Although
different stresses, temperatures and water contents can change the LPO types in olivine (Karato et al.,
2008), which in turn give rise to different RAN results, significant azimuthal anisotropy with a horizontal axis
of symmetry further supports a horizontal deformation pattern (Pandey et al., 2015). If the melt-filled or
fluid-filled cracks are the cause of the LKR, then such a mechanism resembles that of the Northern
Ethiopian Rift, which is underlain by an initially cold, thick continental lithosphere (Kendall et al., 2005).
However, the positive RAN anomaly observed in both the low-V and high-V zones at shallower depths sug-
gests that an updated interpretation is required. Combining the results of finite-frequency tomography with
He isotopes and gravity, Chen et al. (2010) attributed the significant shear-wave splitting north of the ITS to
the horizontally deformed Eurasian lithospheric mantle overriding on the ILM. This model is based on the
assumption of weak azimuthal anisotropy within the ILM, and it coincides well with our results below 150-
km depth. The ILM is imaged as a high-V zone with a negative RAN anomaly (HV4 and NR3 in Figures 2k
and 2l), because the RANwith a vertical symmetry axis from vertical deformation should be observed as weak
or even null shear-wave splitting. Because the deformation pattern can be recorded in the shallower litho-
sphere and a positive RAN anomaly indicates horizontal deformation (Savage, 1999), the melt-filled cracks
not only induce velocity variations but also change the orientations of shear-wave splitting between the
northern and southern LB (Chen et al., 2010). In other words, the northern part of REL (above 150-km depth;
NREL in Figure 11) keeps the record of E-W extension from the Oligocene to mid-Miocene, but the southern
part of REL (SREL in Figure 11) has been influenced by themelt-filled cracks, which can change the orientation
of anisotropy in a short time (Savage, 1999).
Figure 9. The same as in Figure 7 but for two other synthetic tests of radial anisotropy. The black dashed lines mark poorly resolved areas.
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To the east of 87°E, a high-V zone with a negative RAN anomaly extending to 300-km depth is detected
beneath the PXR, where the feature at shallower depths (<200-km depth; HV2 and NR2 in Figures 2i and 2j)
is quite different from that beneath the LKR. An alternative geodynamic model for the PXR is needed (e.g.,
Figure 11) because the melt-filled cracks generally show up as low-V zones in the lithospheric mantle. From
Figure 10. Synthetic tests for investigating the trade-off between the isotropic and anisotropic parameters. The test results for radial anisotropy with an input model
containing only isotropic heterogeneity are shown in (b) and (d), whereas the test results for isotropic heterogeneity with an input model containing only radial
anisotropy are shown in (f) and (h). The locations of the profiles are shown as green lines in Figure 1. The black dashed lines mark areas in the upper mantle, where
~1% trade-offs occur.
Figure 11. A schematic diagram illustrating a geodynamicmodel beneath central Tibet, which is rendered from the Pwave
velocity model obtained by this study. See the text for details. The black dashed line denotes the Bangong-Nujiang
suture, and the black solid lines show the locations of rifts in southern Tibet. REL, remnant of the Eurasian lithosphere; NREL,
the northern part of the REL; SREL, the southern part of the REL.
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88°E to 90°E, the high-V zone with a negative RAN anomaly may reflect the lithospheric downwelling (Tilmann
et al., 2003). The lithosphere beneath the PXR has been reproduced in response to the downwelling, which in
turn gives rise to similar isotopic ratios of 3He/4He with different features of shear-wave splitting in central
Tibet (Chen et al., 2010). Hence, we suggest that the distinct lithospheric structures (i.e., melt-filled cracks
beneath the LKR and downwelling beneath the PXR) resulted in basal shear in the crust (Tian et al., 2015),
which further promoted the formation of PXR.
Due to the lack of resolution at the shallower depth, we cannot entirely preclude the possibility that the crus-
tal structure caused the strike orientations of rifts in central Tibet. However, we prefer the whole lithospheric
structure to be the dominant mechanism in creating the regular strikes of rifts because the overwhelming
evidence favors the mechanically coupled lithosphere in central Tibet (e.g., Flesch et al., 2005; Wang et al.,
2008). The technique we adopted in this study requires the incident angles of seismic rays in the range of
0–45°, because this technique is based on the assumption of VTI model rather than HTI model.
Unfortunately, deep earthquakes (bellow the Moho interface) seldom occur in the Tibetan Plateau (most of
the local earthquakes are shallower than 10-km depth); hence, it is hard to determine Vp radial anisotropy
using the local earthquake data alone. Unlike the upper mantle, there are no obvious E-W trending variations
of seismic velocity, azimuthal anisotropy, and RAN in the Tibetan crust (Shapiro et al., 2004; Wei et al., 2016),
further indicating that the upper mantle should be included to explain the special strikes of rifts in Tibet.
Taking into account the formation mechanism of the Yadong Gulu rift and the Cona rift in eastern Tibet, which
has been proposed as the consequence of asthenospheric upwelling (Ren & Shen, 2008; Tian et al., 2015), we
deem that the different strikes of rifts are related to three formation mechanisms, for example, melt-filled
cracks in the lithosphere, lithospheric downwelling, and asthenospheric upwelling. In our model, the
downwelling lithosphere beneath the PXR, which is a relatively complete lithosphere with few cracks,
obstructs not only the eastward extension of the melted cracks beneath the LKR but also the westward flow
of upwelling asthenosphere beneath the Yadong Gulu rift in eastern Tibet. That is, such a downwelling
lithosphere beneath the PXR bisects the upper mantle beneath the Tibetan Plateau.
Interestingly, strikes of the surface rifts vary from NNW-SSE in western Tibet to NNE-SSW in eastern Tibet, and
the axis of symmetry is approximately located at the Tangra Yum Co rift (TYR at ~87°E; Figure 1a), which is also
a transitional belt of Vp and RAN in the upper mantle (Figures 2i and 2j). However, we cannot determine
whether the TYR is caused by melt-filled cracks or basal shear due to the limited lateral resolution (0.5°–1°)
of our tomography, which is a subject of future studies.
5. Conclusion
In this study we used over 40,000 Pwave travel time data of teleseismic events recorded by the Hi-CLIMB and
ANTILOPE projects to determine Vp radial anisotropy tomography of the upper mantle beneath central Tibet.
Our velocity and anisotropic results show that melt-filled cracks may exist beneath the Lopu Kangri rift
(~85°E). Moreover, a high-velocity zone with a negative radial anisotropy is revealed beneath the Pumuqu
Xianza rift (~88°E), indicating a lithospheric downwelling. The strike orientations of rifts may be related to
the different upper mantle structures beneath central Tibet.
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